The aim of this study was to evaluate the effects of dietary non-gossypol cottonseed oil (CSO) or cottonseed meal (CSM) and their interactions on the texture properties, structure, nutritional composition, and edible safety of egg yolk. A total of 162 24-wk-old Hy-line Brown laying hens were randomly allocated into 9 diet treatments with 6 replicates of 3 hens per cage. A 3 × 3 factorial design using corn soybean meal-based diets supplemented with 0, 6, or 12% CSM and 0, 2, or 4% CSO in place of soybean meal and soybean oil, respectively, was utilized. The experiment lasted for 8 wk. Eggs obtained from the CSO groups had an egg yolk gel structure, and the hardness of egg yolk increased significantly (P < 0.001) after 4
INTRODUCTION
Cottonseed oil (CSO) and cottonseed meal (CSM) are byproducts of cottonseed that are widely used as an important energy and protein feeding source for laying hens (Bellaloui et al., 2015) . However, the concentration of cyclopropenoid fatty acids (CPFA: malvalic acid and sterculic acid) and free gossypol (FG) in the CSO and CSM may cause a series of negative effects on egg quality, especially the yolk (Swensen et al., 1942; Evans et al., 1959; Nagalakshmi et al., 2007) , decreasing the commercial value of eggs.
Some reports have discussed appearance changes to the egg yolk obtained from hens fed diets with CSM or CSO, such as mottling and discoloration of the egg yolk C 2018 Poultry Science Association Inc. Received April 21, 2018. Accepted July 19, 2018. 1 Corresponding author: qds@mail.hzau.edu.cn (Phelps, 1966; Kemmerer et al., 1962) or the egg yolk appearing waxy and semisolid with a rubbery texture during cold storage (Kang and Hui, 2014; Qi et al., 2017) . In recent years, the characteristics of elasticity and pastiness of egg yolk, which are factors closely correlated with the taste of egg yolk, from hens fed diets containing CSO or CSM have captured the attention of consumers, domestic animal farmers, and researchers. The gossypol residue in the egg has also been of interest. Gossypol is a toxic phenolic pigment (Adams et al., 1960) , gossypol residue in livestock products might be associated with food safety risks (Wang et al., 2012; Jin, 2014) . Furthermore, research on the comprehensive analysis of the chemical compositions of egg yolk obtained from laying hens fed with CSM or CSO alone or in combination is limited. This information is important to understand how changes in compositions affecting the structure and nutritional value of egg yolk.
Therefore, the aims of this study were to clarify the effects of non-gossypol CSO and CSM (low residual oil) 381 or their interactions on egg yolk structure, nutritional value, and edible safety by investigating the microstructure, texture properties, and chemical composition of egg yolk. Furthermore, this study aimed to provide a crucial basis for understanding the relation between structure change and chemical composition. The results of the study are expected to provide guidance for the application of CSM and CSO in laying hen production and to evaluate the nutritional value and edible safety of eggs.
MATERIALS AND METHODS
The experiment was approved by the Institutional Animal Care and Use Committee at Huazhong Agricultural University, Wuhan, China, and it was conducted in accordance with the National Institute of Health guidelines for the care and use of experimental animals.
Animals, Treatments, and Sample Collection
A total of 162 W24 Hy-line Brown laying hens were randomly allocated to 9 groups of 6 cages each containing 3 birds. The experiment employed a 3 × 3 factorial design using corn soybean meal-based diets supplemented with 0, 6, or 12% CSM (containing 0.8% oil and 693.81 mg/kg FG) and 0, 2, or 4% CSO (gossypolfree, containing 0.08% sterculic acid, 0.12% malvalic acid, and 0.12% dihydrosterculic acid) in place of soybean meal and soybean oil, respectively. The birds were housed in stainless steel cages (39 cm × 35 cm × 38 cm) at a temperature between 16
• C and 28
• C under a 16 h/d light cycle (10 to 20 Lx). The diets were formulated to meet the nutritional requirements of laying hens (NRC, 1994) . The ingredients and chemical composition of the basal diets are listed in Table 1 . All birds were allowed to feed and drink (distilled water) ad libitum throughout the 8 wk study.
After 8 wk of the experimental trial, 18 eggs were randomly collected from each group and used to analyze texture properties as follows: 6 were analyzed without storage; 6 were stored at 4
• C; and 6 were stored at 25 • C for 2 wk. Eggs were cooked by immersing in boiling water for 10 min before analysis. Three eggs from each group were used to observe the appearance and microstructure. Six eggs per replicate were continuously collected for 3 d and utilized to determine the fatty acids, moisture, crude protein, crude fat, phospholipid, mineral element, amino acid, and cholesterol contents in the egg yolk.
Texture Profile Analysis
The egg yolks used for detection were manually removed as a whole from the eggs equilibrated to room temperature (25
• C) just before testing. The texture profile analysis was performed at room temperature. The tested yolks were subjected to a doublecompression test (20% compression) using a texture profile analyzer (TA.XT Plus, Stable Micro Systems, Surrey, UK) fitted with a +/−30 kg load cell. Measurements were performed with a test speed of 1 mm/s and a delay period (between the end of the first and beginning of the second compression) of 5 s by a 100-mm compression plate. Texture profile analysis parameters were obtained using the instrument's Texture Exponent software package and based on the force-time curves of each sample.
Preparation of Egg Yolk Samples and Observation by Scanning Electron Microscopy
The boiled eggs were cut in half and then sliced the egg yolk with a knife into piece of about 1 mm × 3 mm × 3 mm size. The egg yolk specimens were fixed at 4
• C for 24 h in 2.5% glutaraldehyde solution and rinsed 3 times (15 min each time) with a 0.1 M phosphate buffer (pH = 7.0). After being rinsed, each specimen was postfixed with 1% OsO 4 for 1 h and rinsed 3 times (15 min each time) in 0.1 M phosphate buffer (pH = 7.0). After double fixation, the samples were first dehydrated in a graded series of ethanol (30, 50, 70, 90, and 100%) for approximately 15 to 20 min at each step. The samples were transferred to a mixture of alcohol and iso-amyl acetate (v: v = 1:1) for approximately 30 min and then transferred to pure iso-amyl acetate for approximately 1 h. Subsequently, the egg yolk was dehydrated in a K850 critical point dryer (Quorum Technologies Ltd, UK) with liquid CO 2 . Finally, the dehydrated specimen was coated with gold-palladium and observed under a JSM-6390LV scanning electron microscope (NTC, Japan).
Determination of Fatty Acids
Total egg yolk lipids were extracted with chloroformmethanol as described by Folch et al. (1957) . An improved method based on Slover and Lanza (1979) was used to determine the fatty acid composition of the lipids with a Shimadzu 2010 plus gas chromatograph equipped with a flame ionization detector. A capillary column (SPTM-2560, 100 m × 0.25 mm ID, 0.20 μm film, Supelco, Bellefonte, PA, USA) was used for separation. The oven was programmed at an initial temperature of 140
• C for 5 min rising to 240
• C at a rate of 4
• C/min. The injector and the flame ionization detector were kept at 260
• C. Nitrogen was used as the carrier gas at a flow rate of 3.0 mL/min with an injection split ratio of 100:1 (v/v). The standard peak was identified and quantified (as weight percent) by comparison with the retention time and peak area of the standard mixture 37 Component FAME Mix C4:0-C24:0 (cod 18,919-1AMP, Supelco, Bellefonte, PA, USA). The individual fatty acids were identified by comparing the retention The moisture of the egg yolk was measured with a vacuum freeze dryer (ALPHA 1-4 LD, M. Christ, Germany), and an egg yolk powder sample was obtained. The crude protein and crude fat content of the egg yolk powder were determined with the Kjeldahl method and AOAC official method, respectively (Thiex et al., 2002; AOAC, 2003) . The amount of phospholipids was determined with a spectrophotometer (Bartlett, 1959) . The potassium and iron contents of the egg yolk were determined via standard atomic absorption spectrometry methods (Animal feeding stuffs, 2000). The amino acid composition of the egg yolk powder digested with hydrochloric acid was determined with a HITACHI L-8900 amino acid automatic analyzer (Peace and Gilani, 2005) . The crude protein, crude fat, and amino acid contents were determined with egg yolk powder. In addition, the moisture, phospholipids, and mineral elements were determined with fresh egg yolk.
Determination of Cholesterol
The cholesterol contents were determined via highperformance liquid chromatography (HPLC) according to Botsoglou et al. (1998) and Zhang et al. (2010) . Samples (200 mg) of fresh yolk were mixed with 5 mL of methanolic potassium hydroxide solution (0.5 M) and heated in a water bath at 80
• C for 15 min to be saponified. Following heating, the mixture was cooled, and 1 mL of ultra-pure water was added. The extraction of cholesterol was performed using 5 mL of hexane followed by drying with nitrogen (45
• C) and reconstitution with 5 mL of absolute ethanol. HPLC analysis of cholesterol was conducted using a SHIMADZU LC-20A equipped with an Agilent C18 RP column (4.6 mm × 150 mm, 5 μm). The injection volume was 20 μL. A mobile-phase flow rate of 1.0 mL/min was used for isocratic elution with methanol as the mobile phase. The detection wavelength was 205 nm. The column temperature was set at 38
• C.
Determination of Gossypol Residue
The treatment method of sample and standard gossypol working solutions has been described by Hron et al. (1990) . HPLC analysis of gossypol residue was conducted using a SHIMADZU LC-20A equipped with a Hypersil ODS2 RP column (4.6 mm × 250 mm), 5 μm. The injection volume was 10 μL. A mobile-phase flow rate of 1.0 mL/min was used for isocratic elution, and the mobile phase consisted of methanol: acetonitrile: water (85:5:10, v/v/v) with 0.2% phosphoric acid. The detection wavelength was 254 nm. The column temperature was set at 40
• C. The range of the standard gossypol working solutions was 0.1 to 3 μg/mL. Working solutions were prepared daily and protected from light throughout the analysis. The content of gossypol in the egg was calculated by the regression equation of standard curve.
Statistical Analysis
The results were analyzed for variance considering the interaction of two factors using the general linear model procedure of SPSS version 19.0. (SPSS, Inc., Chicago, IL, USA) with the levels of CSM and CSO substitution and their interaction included as main factors. Data are expressed as the mean. The correlation of egg yolk hardness and fatty acid content was analyzed by the Pearson correlation analysis.
RESULTS AND DISCUSSION

Effects of CSM and CSO on Texture Properties and the Structure of Egg Yolk
As shown in Table 2 , the egg yolk displayed a significant increase in hardness (P < 0.001) and springiness (P < 0.001) after storage at 4
• C for 2 wk in the groups supplemented with 2% and 4% CSO regardless of whether it contained CSM. In addition, the cohesiveness, gumminess, chewiness, and resilience ratio of egg yolk significantly increased (P < 0.001) with increasing CSO percentage. CSM alone did not affect the texture properties, but CSO and CSM had interactions on the hardness, gumminess, and chewiness of egg yolk (P < 0.05). There were no differences in texture properties of fresh egg yolk among different groups (P > 0.05). In contrast to the eggs stored at 4
• C, the hardness, cohesiveness, gumminess, chewiness, and resilience ratio of egg yolk was decreased dramatically in the CSO groups after storage at 25
• C. CSM and the interaction had no influence on texture properties. Moreover, the "rubber egg yolk" only appeared in the CSO groups after storage at 4
• C. The hard-cooked eggs from the CSO-treated groups had a pale, glossy, yolk appearance with a rubber ball aspect (Figure 1 ). According to the result of scanning electron microscopy, eggs in the groups that were added to CSM alone showed a clear egg yolk sphere structure ( Figure 2A -C), but eggs in the other groups that were supplied with 2% and 4% CSO showed a gel structure ( Figure 2D -I).
Yolk sphere is a collection of various proteins and lipoproteins that form the unique structure of the egg yolk through cross-linking (Riddle, 1911; Bellairs, 1961) . Anton et al. (2010) suggested that egg yolk granules from yolk sphere interact to form a smoother crosssection to gelatinize the egg yolk and increase its gumminess during freezing. Wang et al. (2015) also noted that both plasma and granules contribute to the gelation of egg yolk during freezing, causing the egg yolk to become dense and delicate, which results in changes in the texture of cooked egg yolk and increases its elasticity (Azubuike and Okhamafe, 2012) . Gel structure of the egg yolk appeared in the CSO groups in our study is as consistent as what they have described. However, in our study, this phenomenon appeared at 4
• C. This result suggested that CSO promotes rupturing of the egg yolk sphere at higher temperatures (4 • C). The release of granules from yolk sphere rupture was the key cause of increased hardness, springiness, cohesiveness, gumminess, chewiness, and resilience ratio of the egg yolks. These changes in texture property and smoothness of the egg yolk were also consistent with the findings of Qi et al. (2017) , who reported that eggs from the CSM group show a rubber ball-like property with elastic compression. Frampton et al. (1961) also reported that eggs produced by hens fed CSM stored under refrigeration and in the shell exhibit a waxy or semisolid yolk condition. However, in our study, compared with the groups whose diet was not supplemented with CSO, the yolk sphere of egg yolks obtained from the hens fed diets containing 2% or 4% CSO ruptured at 4
• C, which resulted in egg yolk gelation and an increase in egg yolk hardness. CSM caused no significant change in this study. These observations showed that the combination of CSO and storage conditions promote rupture of the egg yolk sphere, resulting in egg yolk gelation and changes in its texture properties. CSM caused no significant change in this study, indicating that CSM does not affect the yolk structure. Table 3 shows that a total of 19 fatty acids in egg yolk, including 7 saturated fatty acids (SFAs), 6 monounsaturated fatty acids (MUFA), and 6 polyunsaturated fatty acids (PUFAs). Overall, the content of SFAs increased (P < 0.001) with the increase in the amount of CSO (2% CSO: 37.13%; 4% CSO: 47.28%) in the diets, whereas the content of SFAs in the CSM groups were higher (6% CSM: 3.80%; 12% CSM: 5.11%) than those in the groups without CSM (P < 0.001). Compared to the 0% CSO groups, the main fatty acids, C16:0 and C18:0, in eggs from hens fed diets containing 4% CSO were significantly higher (16.26% and 150.08%, respectively), and these values in eggs from hens fed diets containing 2% CSO were also significantly higher (11.66% and 121.90%, respectively) (P < 0.001). In addition, compared to the 0% CSM groups, the C16:0 and C18:0 levels in the egg yolk obtained from the 12% CSM groups were significantly higher (2.26% and 8.60%, respectively), Table 2 . Effects of cottonseed oil (CSO) and cottonseed meal (CSM) on texture properties of boiled egg yolk. The data are expressed as means, n = 6. and these values in eggs from hens fed diets containing 6% CSM were also significantly higher (2.60% and 5.35%, respectively) (P < 0.05). Clearly, CSO had a greater impact than did CSM on the SFAs in egg yolks. However, the data also revealed an interaction between CSM and CSO in most fatty acids. Additionally, compared with the 0% CSO groups, the content of MUFA in egg yolks from the 4% CSO and 2% CSO groups decreased by 44.89% and 33.74% (P < 0.001), respectively. These MUFA included C18:1n9c, one of the main unsaturated fatty acids, which decreased by 44.30% and 32.72% (P < 0.001) in the 4% CSO and 2% CSO groups, respectively. The MUFA content was reduced by 4.66% and 1.89% (P < 0.05) in the eggs from hens fed diets with 12% CSM and 6% CSM, respectively, compared to the 0% CSM group, and the content of C18:1n9c significantly decreased by 4.26% and 2.00% (P < 0.05), respectively. The data are expressed as means, n = 6. a-c means values with unlike letters were significantly different (P <0.05). P < 0.05 indicates a significant difference, P < 0.01 indicates an extremely significant difference. Saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids are expressed in SFA, MUFA, and PUFA, respectively. SFA (Σ of C14:0, C15:0, C16:0, C17:0, C18:0, C22:0, and C23:0); MUFA (Σ of C14:1, C16:1, C18:1n9t, C18:1n9c, C20:1, and C22:1n9); PUFA (Σ of C18:2n6c, C18:3n6, C18:3n3, C20:2, C20:3n6andC22:6n3); n -3 PUFA (Σ of C18:3n3 and C22:6n3); n -6 PUFA (Σ of C18:2n6c, C18:3n6 and C20:3n6) Our results agreed with those of Evans et al. (1969) , who reported that eggs from hens fed crude CSO contain more SFAs and less MUFA than those isolated from normal eggs. Previous studies have shown that cottonseed is rich in CPFA, which are specific inhibitors of the stearic acid desaturase system of hen livers (Allen et al., 1967) . Evans et al. (1977) reported a close correspondence in the composition of fatty acids in liver, egg yolk and plasma, which has also been confirmed by Allen et al. (1967) . The increase in SFAs and the decrease in MUFA lead to lower nutritional value as suggested by the experts from FAO and WHO (FAO, 2010) .
Effects of CSM and CSO on the Egg Yolk Fatty Acid Content
CSO at levels of 4% and 2% in the diets caused increases in the content of fatty acids (P < 0.05) including PUFAs (2.67% and 0.08%, respectively) and omega-6 (5.86% and 2.13%, respectively). CSM added at the level of 6% significantly decreased (P < 0.05) the content of PUFAs and omega-6 in egg yolks. The contents of omega-3 decreased by 54.53% and 33.91% with diets supplemented with 4% and 2% CSO (P < 0.001), respectively. Omega-3 content of egg yolk in the 6% CSM group was lower than that in the 12% CSM group. Although the contents of PUFAs and omega-6 increased, the omega-3 content was reduced, resulting in a lower ratio of omega-3/omega-6 fatty acids. A previous study (Balevi and Coskun, 2000) reported that the omega-3/omega-6 fatty acid ratios in yolks obtained from hens fed a 2.5% ration containing soybean oil and cotton oil are 0.08 and 0.09, respectively. In contrast, our research found that the omega-3/omega-6 fatty acid ratio in yolks obtained from hens fed diets with 2% (0.04) or 4% CSO (0.03) was lower (P < 0.001) than that from hens fed diets without CSO (0.06). Experts from FAO and WHO suggest an omega-3/omega-6 fatty acid ratio of 1: (5-10). Thus, the omega-3/omega-6 fatty acid ratio in egg yolk from the CSO groups was far lower than the recommended ratio. Regarding the composition of fatty acids in egg yolks, supplementation with CSM and CSO consistently caused a decrease in nutritional value and edible value of egg yolks. Table 4 shows the relationship between the hardness of egg yolk and its fatty acid content. In the CSO groups, there was a significant correlation between egg yolk hardness and stearic acid, oleic acid, SFAs, and MUFA in the egg yolk (P < 0.05), and the egg yolk hardness increased significantly with increasing stearic acid content and decreasing oleic acid content (P < 0.05). In the CSM groups, the hardness of egg yolk the hardness of egg yolk did not show a significant correlation with the fatty acid content in the egg yolk (P > 0.05). These results demonstrated that CSO may be the main factor in changing the hardness and fatty acid content of egg yolk. Egg yolk hardening is closely related to the increase of SFAs (especially stearic acid) and the decrease of unsaturated fatty acids (especially oleic acid) during egg yolk formation caused by CSO. Several studies have reported (Holman et al., 1989; Holman et al., 1991; Vrieses et al., 2001 ) that the mean melting point of phospholipids is significantly higher due to a loss of highly unsaturated fatty acids, which are replaced by SFAs. An increase in the mean melting point of fatty acids can cause fat to harden. Furthermore, the increase of SFA content in the egg yolk might cause the phase transition temperature of the egg yolk to significantly increase. Thus, yolk sphere was gradually broken when stored at 4
• C, releasing plasma as continuous phase fluid and granules as a part of the discontinuous phase to form gels, which caused the yolk hardness to increase (Woodward and Cotterill, 2010) . Taken together, these findings suggested that egg yolk gelation, as shown in Figures 1 and 2 , is significantly associated with changes in egg yolk fatty acid composition, especially stearic acid and oleic acid, caused by CSO. These results indicated that changes in the fatty acids of the egg yolk might contribute to the egg yolk texture properties and structure change in the CSO groups.
Effects of CSM and CSO on the Egg Yolk
Contents of Moisture, Crude Protein, Crude Fat, Phospholipids, Cholesterol, Potassium and Iron Table 5 shows that egg yolks from hens fed diets supplemented with CSO and CSM alone or in combination had no significant effects on the contents of moisture, crude protein, crude fat, phospholipids, potassium, or iron (P > 0.05). Diets consisting of CSM had no significant effect (P > 0.05) on the content of cholesterol, whereas those containing 4% CSO reduced the content Table 5 . Effects of cottonseed oil (CSO) and cottonseed meal (CSM) on moisture, crude protein, crude fat, phospholipids, cholesterol, potassium, and iron contents of egg yolk. 1 The data are expressed as means, n = 6. a-b means values with unlike letters were significantly different (P <0.05). P <0.05 indicates a significant difference, P <0.01 indicates an extremely significant difference. The determination of moisture, phospholipids, cholesterol potassium, and iron are based on fresh egg yolk, the determination of crude protein and crude fat are based on dry matter samples.
2 SEM is the standard error of the mean.
of cholesterol (P < 0.05). Furthermore, there was no interaction (P > 0.05) between CSM and CSO supplementation on cholesterol. This study showed that there were no effects on the nutritional value of egg yolk with respect to moisture, crude protein, crude fat, and phospholipid contents between eggs of hens fed the CSM-and CSOsupplemented diets, but this finding was inconsistent with the results reported by Sherwood (1931) . Previous research has indicated that egg yolks from hens fed diets supplemented with 6% CSM have significantly reduced phospholipids compared to those from the control group (Qi et al., 2017) . However, our results demonstrated that phospholipids only exhibited a decreasing tendency with increased CSO addition and were completely unaffected by CSM. The inconsistencies of these results with those reported by other researchers may be related to the amount of residual oil and processing of CSM. Hen diets supplemented with different types and amounts of oils influence the absorption and storage of cholesterol in egg yolk. Some researchers have found that serum cholesterol in rats is significantly lower in a CSO-supplemented group, which was consistent with our results (Hampden et al., 1983; Edwards and Radcliffe, 1995; Radcliffe et al., 2001) . Schaible and Bandemer (1946a) reported that CPFA in the CSO group result in reduced egg yolk iron content, and they reported that eggs in the CSM group after cold storage contain more iron in the white and less in the yolk than do normal eggs (Schaible and Bandemer, 1946b) . Interestingly, our results were not consistent with these reports. In previous studies, almost all the researchers examined changes to the egg yolk after long-term cold storage, whereas we used fresh egg yolk to determine the mineral elements, which may explain our inconsistent results.
Effects of CSM and CSO on Egg Yolk Amino Acid Contents
The amino acid content and composition of eggs are perfectly balanced for human needs, which classify eggs among foods with the highest nutritional value with respect to protein sources (Nau et al., 2010) . Table 6 shows that a total of 16 amino acids, including 7 essential amino acids (EAA) and 9 non-essential amino acids (NEAA) in egg yolk were determined. There was no significant effect (P > 0.05) on the contents of EAA, NEAA, and total amino acids (TAA) in the egg yolks of hens offered diets with CSM and CSO in isolation or in combination. Methionine and lysine are two important amino acids in food, and the content of methionine increased (P < 0.05) with the addition of 4% CSO or 12% CSM compared to that in the other groups. Lysine in the egg yolks had the highest content among the 16 amino acids measured. Lysine decreased (P < 0.05) as a result of CSM or CSO increases, and a significant interaction (P < 0.001) was observed when CSM and CSO were combined. 
The data are expressed as means, n = 6. a-b means values with unlike letters were significantly different (P ≤ 0.05). P ≤ 0.05 indicates a significant difference and P ≤ 0.01 indicates an extremely significant difference.
in complete feed for laying hens. In the present experiment, the contents of FG were 41.63 mg/kg (6% CSM groups) and 83.26 mg/kg (12% CSM groups), which contributed to the decrease of egg lysine contents. In addition, the addition or the combined addition of CSO and CSM had no effect on the ratio of EAA to TAA (E/T) and the ratio of EAA to NEAA (E/N) (P > 0.05). According to the ideal model proposed by FAO/WHO in 1973, the E/T and E/N values of highquality proteins were greater than 40% and greater than 0.6, respectively (Organization WH, 1973) . Our study showed that the high-quality protein in egg yolk, which benefits the health of both elderly and young people with its high nutritional value, was not affected by the addition of CSM or CSO.
With regard to amino acid composition, this study demonstrated that dietary supplementation with CSM and CSO had almost no effect on the nutritional value of egg yolk. The contents of EAA and NEAA in each group were not affected despite the changes in individual amino acid content. Similar results have been reported by Evans et al. (1969) , indicating that differences in the amino acid content of egg yolks from normal and "cottonseed" eggs were small.
Gossypol Residue Analysis
The total gossypol in egg albumen and in the CSO groups was not detected at 4th week or 8th week. As shown in Table 7 , total gossypol residues increased with the increased amount of CSM (P < 0.05). The total gossypol contents in egg yolk were 2.01 to 2.77 mg/kg (the FG content in the diet was 41.6 mg/kg) and 4.40 to 5.16 mg/kg (the FG content in the diet was 83 mg/kg). The gossypol residues in the egg yolk were not dependent on time (P > 0.05). There was no significant interaction (P > 0.05) between CSM and CSO supplementation.
A previous study indicated that FG easily accumulates in animals in a dose-and time-dependent manner (Hua et al., 2014) . Jin (2014) reported that the total gossypol contents in yolk powder from laying hens fed with diets containing 58, 116, 174, and 232 mg/kg FG for 8 and 12 wk were 19.62, 38.62, 57.83, and 75.21 mg/kg and 18.98, 42.89, 51.76, and 83 .90 mg/kg, respectively. The present study agreed with the results of Jin, indicating that the gossypol residue in yolk has a dose-dependent effect. Gossypol was not detected in egg albumen, which may have been because gossypol is a fat-soluble substance that is deposited into the yolk through the liver. Remarkably, when the FG content in laying hens diet was less than 83 mg/kg, the gossypol residue in the egg yolk was lower than the limit of gossypol content in the edible CSO (less than 200 mg/kg) specified in GB 2716 -2005 (GB 2716 -2005 , indicating that the edible safety risk of those eggs is relatively small, but the potential risk might still exist.
CONCLUSIONS
In summary, CSO, CSM and their interaction had different effects on egg yolk texture properties, structure and nutritional composition. In the present study, CSO increased the content of SFAs and decreased the content of MUFA in egg yolk, which promoted an increase in the characteristics of hardness and springiness of egg yolks under 4
• C storage. Thus, CSO may be the main factor in reducing the taste and nutritional value of eggs. Free gossypol in CSM accumulating in the egg yolk presents a dose-dependent manner. However, the total gossypol concentration in egg yolk was low. Thus, the edible safety risk of eggs obtained from laying hens fed with diets supplemented with 83 mg/kg FG is relatively small, but the potential risk might still exist. This study provided valuable information regarding the relation between structural changes in and the chemical composition of egg yolk. Overall, CSM can be considered a protein source in livestock after reducing the residual oil content and removing gossypol. Further study is necessary to explore effective ways to solve the problem of egg yolk gelation and the low nutritional value caused by CSO.
